Understanding the impacts of hydrological drought, and the role that refugia play in mitigating these impacts, is crucial to the conservation of freshwater fishes. This is especially true for species adapted to riffles, which are typically the first habitats to dewater at low discharge. We examined the relationship among decreasing stream discharge, abundance, and habitat use for Nooksack dace (Rhinichthys cataractae ssp.), an endangered riffle-dwelling species. A complementary experimental manipulation examined the effects of flow on growth rate across a discharge gradient in riffle and pool habitats. We found that low-velocity habitats and decreased discharge in experimental channels result in reduced dace growth and that decreasing stream flow was coincident with declines in Nooksack dace abundance. This study demonstrates the sensitivity of Nooksack dace to hydrological drought, and insofar as Nooksack dace are ecologically typical of small riffle-dwelling invertivore fishes, our results suggest that use of pools does not mitigate sublethal effects of declining flows on growth, although pools may provide refuge from the most negative effects of drought (i.e., stranding of fish).
Introduction
Extinction rates for species in fresh water are exceedingly high (Ricciardi and Rasmussen 1999) , and in North America alone the number of imperiled freshwater fishes increased by 92% between 1989 (364 species; Williams et al. 1989) and 2008 (700 species; Jelks et al. 2008) . A variety of stressors are responsible for this trend, but arguably the most important is flow modification (Poff et al. 1997; Dudgeon et al. 2006) , which includes a global trend of decreasing stream flow driven by climate-induced changes in precipitation patterns, increased evapotranspiration, and a rapidly growing human population that is impacting water availability through dams, diversions, and water withdrawals (Dai et al. 2009; Vörösmarty et al. 2000 Vörösmarty et al. , 2010 Dai 2012) . In many areas, the result has been an increase in the frequency and intensity of hydrological droughts (Postel and Richter 2003; IPCC 2007; Kundzewicz et al. 2008) , which may be defined as deficiencies in water supplies as measured by declines in stream discharges, lake, reservoir, or groundwater levels (Smakhtin 2001) . Hydrological drought is a disturbance that reduces habitat area, lateral connectivity between mainstem and floodplain habitats, and water quality (Magoulick and Kobza 2003) , which in turn affects ecosystem function, community structure, population dynamics, and in extreme cases may cause local or global extinction (Kushlan 1976; Xenopoulos et al. 2005) . Understanding the impacts of hydrological drought is essential to the conservation of freshwater fish, particularly in areas where demand for consumptive water use is high and likely to rise.
Drought affects habitat types differently and may severely alter relative habitat availability (e.g., ratio of pools to riffles). In shallow, fast-flowing riffle habitats, velocity, depth, and habitat area decrease, and in extreme cases riffle habitats may dry completely. Pools also shrink in size, but retain water for longer after cessation of surface flow (Hakala and Hartman 2004) . During drought, environmental conditions in both habitats may be characterized by increases in physicochemical extremes of temperature, dissolved oxygen, pH, and nutrient loading (reviewed in Lake 2003) . Drought also increases density-dependent biotic interactions such as predation and competition (Power 1984 (Power , 1987 Harvey and Stewart 1991) , as fish are crowded into a reduced habitat volume (Matthews and Marsh-Matthews 2003) .
Most stream fishes have a discrete range of habitat preferences defined by abiotic characteristics such as depth, velocity, temperature, and dissolved oxygen (i.e., the ecological niche; Hutchinson 1957) . As stream discharge decreases, deteriorating water quality conditions may exceed tolerance thresholds, forcing fish to seek refugia (Grossman and Ratajczak 1998; Hodges and Magoulick 2011) . These can be defined spatially as locations where the negative effects of disturbance are lower than in the surrounding environment (Lancaster and Belyea 1997) . For example, as discharge decreases, riffle specialists may abandon riffles and seek refuge in pools (Gelwick 1990) , though the relative value of pools will likely depend on factors such as abiotic suitability, prey availability, and predation risk (Power 1987; Schaefer 2001) . The role that low-flow refugia play in mitigating the negative effects of drought in terms of population persistence and individual performance is not well understood, particularly for riffle-dwelling species (Magoulick and Kobza 2003) .
In this study we used a combination of field observations and experimental manipulations to quantify the impacts of drought and explore the role that refugia play in mitigating these impacts for Nooksack dace (Cyprinidae: Rhinichthys cataractae ssp.), a rifflespecialist endemic to northwestern Washington and southwestern British Columbia. In Canada, Nooksack dace are federally listed as endangered (COSEWIC 2007; Pearson et al. 2008) , and populations are threatened by hydrological drought, due in part to surface and groundwater withdrawals (Pearson 2004; Golder Associates Ltd. 2005) . Low-flow effects on dace were assessed by first quantifying seasonal changes in Nooksack dace abundance and habitat use in a temperate coastal stream as a function of decreasing stream discharge. We hypothesized that if Nooksack dace use pool habitats as refugia during hydrological drought, then dace would emigrate out of riffles and into pools, which would manifest as a seasonal decrease in Nooksack dace abundance in riffles and a corresponding increase in both the abundance and density of Nooksack dace in pools. Second, to assess the direct effects of hydrological drought on Nooksack dace performance and the relative value of pools as refugia, we measured dace growth in experimental riffles and pools across a range of discharges. Benthic prey are a key resource for riffle-dwelling invertivores, and studies have demonstrated that benthic invertebrate abundance is flow-sensitive (e.g., Minshall and Winger 1968; Cowx et al. 1984) . Consequently, benthic invertebrate biomass was quantified in experimental habitats so that the relationship between prey availability and growth rate could be examined.
Methods

Study site
Research took place in the Canadian portions of Bertrand Creek and Pepin Creek, two regulated transboundary lowland watercourses in southwestern British Columbia that flow south into Washington State, USA. Stream gradients average 1%-2% and bankfull widths for these watercourses are 6.6 ± 0.4 and 15.4 ± 4.4 m, respectively (Pearson 1998) . Mean annual discharge (MAD) is 1.15 m 3 ·s −1 for Bertrand Creek and 0.42 m 3 ·s −1 for Pepin Creek. The coastal climate in this temperate region is characterized by warm, dry summers and mild, wet winters with high annual precipitation (1573 mm·year −1 ; Environment Canada 2002) . The majority of precipitation falls from October to May, and from June to September baseflow is largely maintained by groundwater contributions from the Abbotsford-Sumas Aquifer (Berg and Allen 2007) . Minimum monthly flows for the July to October period of these two streams (i.e., critical period stream flow; Binns 1982) is 0.046 m 3 ·s −1 (4% MAD) in Bertrand Creek and 0.145 m 3 ·s −1 in Pepin Creek (35% MAD; Environment Canada 2012; USGS 2012; R.A. Ptolemy, personal communication, 2013) . Both streams are increasingly susceptible to hydrological drought (Pearson 2004 
Flow effects on Nooksack dace habitat use and abundance
Site selection
To determine the effects of hydrological drought on Nooksack dace abundance and habitat use, a field study was conducted in Bertrand Creek from May to August 2010. Bertrand Creek drains a 46.6 km 2 low-elevation watershed dominated by agriculture, before flowing south into the United States where it enters the Nooksack River (Pearson 2004; Environment Canada 2012) . Four reaches of Bertrand Creek, previously identified as having highquality Nooksack dace habitat and federally designated as Critical Habitat under the Species At Risk Act (i.e., >10% riffle habitat by length; Pearson et al. 2008) , were selected as focal reaches for this study (see online Supplementary Material, Fig. S1 1 ). These were of similar length (mean ± SD, 137.5 ± 48.6 m), bankfull width (7.5 ± 1.8 m) and gradient (1%-2%) (see online Supplementary Material, Table S1 1 ). Within each focal reach, pool and riffle habitat units were identified and a minimum of three riffles and three pools was randomly selected (Johnston and Slaney 1996) . During the 2010 sampling period, flows in Bertrand Creek were exceptionally low, with cessation of surface flow in one reach. Minimum monthly summer flows were 0.014 m 3 ·s −1 or 1.2% of MAD, compared with a 23-year mean minimum monthly summer flow of 0.046 m 3 ·s −1 (Environment Canada 2012).
Sampling methods
Each habitat unit was stop-netted and serially sampled over a range of declining discharges (i.e., three times, between 0.113 and 0.007 m 3 ·s −1 ) from May to August 2010. Stream discharge was estimated in each habitat using the Riverine Habitat Simulation Model software (RHABSIM; Payne 1994; Scruton et al. 1998 ) using depth and velocity data collected along transects with a MarshMcBirney Flo-Mate 2000 velocity meter (Hach Company, Loveland, California) . Pool habitats were seined (triple-pass) and riffle habitats were sampled using single-pass electrofishing upstream of a modified Fyke stop-net (see online Supplementary Material, Fig. S2 1 ) , which was effective for catching benthic riffle-dwelling fish that were swept downstream into the bucket of the net. Multiple-pass electrofishing was avoided to minimize harm to this endangered species ). Different gear were used in pools and riffles to maximize capture efficiency and confidence in population estimates; use of a single gear type in both habitats (e.g., electrofishing) would have introduced biases because of extremely low capture efficiency in deep pool habitat. Captured fish were identified and counted, and Nooksack dace greater than 40 mm fork length (±1 and older age classes; Inglis et al. 1994) were measured to the nearest millimetre and weighed to the nearest 0.01 g.
Dace abundance in pools was estimated using the Schnute (1983) maximum likelihood procedure adapted to a three-pass depletion seining. Abundance of Nooksack dace in riffles was estimated by adjusting the number of dace captured by a capture efficiency factor that was calculated from seven two-stage markrecapture experiments in representative riffles across a range of discharges (where capture efficiency is estimated as a function of mean water velocity; Appendix A). The abundance of Nooksack dace for each focal reach was calculated as the summed abundance of Nooksack dace within sampled pool and riffle habitat units within that reach, for each sampling event. Density in each sampled habitat unit was calculated as abundance divided by habitat area. Mean riffle and pool areas (±SD) were 38.4 ± 27.5 and 29.8 ± 17.5 m 2 , respectively. Although the area of each sampled habitat unit declined with flow, the length of each habitat unit was constant across sampling periods. Effects of declining discharge on Nooksack dace at the habitat scale (i.e., riffle or pool) were therefore characterized both in terms of density (fish·m −2 ) and abundance (fish·habitat unit −1 ), to control for flow-related changes in habitat area.
Data analysis
Within one of the four focal reaches, the number of Nooksack dace captured was very small (i.e., N < 5) despite high sampling effort and an abundance of riffle habitat with cobble and gravel substrate. Negligible abundance in this reach was likely a result of flow ceasing altogether at summer low flow, unlike the other study reaches where flowing water was always present. As the purpose of this study was to quantify how declining flow affects Nooksack dace density and abundance among habitats, this focal reach was deemed to have an insufficient population for meaningful statistics and so was excluded from further quantitative analysis. For the remaining focal reaches, repeated measures mixed effects analysis of covariance (ANCOVA) was used to evaluate the effects of focal reach, habitat type (riffle or pool; fixed) and discharge (m 3 ·s −1 ; covariate) on Nooksack dace abundance at the habitat scale (fish·habitat unit −1 ) and density (fish·m −2 ), using the nlme package in R version 2.10.1 statistical software (R Development Core Team 2009; Pinheiro et al. 2009 ). Nooksack dace abundance was log 10 -transformed to meet the assumption of homogeneity of variance, and covariance structure was modelled as Continuous AR (1) to account for autocorrelation of repeated samplings of the same habitat at different discharges.
Flow effects on Nooksack dace growth rate in experimental channels
Experimental design
Four parallel seminatural in-ground stream channels, each with two serial riffle-pool sequences (see online Supplementary Material, Fig. S3 1 ),were used to investigate the effects of low discharge on Nooksack dace growth in pools and riffles. These experimental channels were constructed as off-channel habitat in 2009 and received water diverted from the main stem of Pepin Creek. Channels were 20 m long and averaged 1.5 m wide. Discharge treatments of 3, 8, 15, and 27 L·s −1 were chosen to represent a gradient from low-to high-quality dace habitat, based on published habitat suitability curves describing the relationship between depth and velocity and Nooksack dace abundance (Inglis et al. 1994) . Each channel was randomly assigned a discharge treatment that was regulated using upstream weirs and monitored twice daily using discharge-calibrated staff gauges. Discharge was calculated by measuring depth and velocity along transects in each channel using a Marsh-McBirney Flo-Mate 2000 velocity meter (Hach Company, Loveland, California).
Prior to the start of the experiment, all fish (i.e., potential predators and competitors) were removed from the stream channels by electroshocking and seining, and 6 mm mesh galvanized steel fences were installed to ensure that Nooksack dace could not move between adjacent experimental riffle and pool habitat units. Channels were left fallow for 1 month to allow the natural substrate in the channels to be colonized by benthic invertebrates from Pepin Creek before the addition of Nooksack dace.
Sampling methods
The population of Nooksack dace in Pepin Creek is small, and conservation concerns precluded the collection of experimental fish from Pepin Creek. Instead, 109 Nooksack dace (mean (±SD) length: 72 ± 9 mm; mass: 4.39 ± 1.72 g) were captured in adjacent Bertrand Creek and transported to Pepin Creek where they were weighed, measured, and individually marked using ventral subcutaneous injections of visual implant elastomer (Northwest Marine Technologies, Inc.; Hill and Grossman 1987) . Experimental fish were allowed to acclimate overnight before being stocked in experimental units at ambient densities of 0.75 fish·m −2 , which is well within the range of natural densities (Inglis et al. 1994; Pearson 2004; Avery-Gomm 2013) . Higher densities were avoided to prevent density dependence from confounding habitat and flow effects on dace growth. Lightweight garden netting was stretched across riffles and staked into the ground to minimize vulnerability to terrestrial predators. After 33 days, Nooksack dace were recaptured and measured for length and mass.
To explore the relationship between flow and habitat effects on prey availability and Nooksack dace growth, three benthic invertebrate samples were collected in each experimental habitat immediately prior to collection of dace at the end of the experiment. A Hess sampler was used to collect benthic invertebrates in riffles. Because of the greater depth and negligible velocity in pools, benthic invertebrates in pools were sampled by carefully scooping surface sediment (i.e., to a depth no more than 3 cm) from a known area (0.0075 m 2 ) into a 250 m mesh Surber sampler attached to the end of a pole. Invertebrates were preserved in 5% formalin and later identified to order (or family in the case of Hydropsychidae). Benthic invertebrate samples were dried at 60°C for 24 h, weighed, and ash-free dry mass (g) was calculated after the dried sample was combusted in a muffle furnace at 500°C for 1 h. Biomass (g) was standardized to an area of 1 m 2 .
Invertebrate orders and families were classified as available prey if they had previously been recorded in the diet of Nooksack dace (McPhail 1997) or if they were observed in the stomachs of a subsample of 30 dace sampled using gastric lavage (see online Supplementary Material, Table S2 1 ) (Light et al. 1983) . Available prey biomass per unit area (g·m −2 ) was calculated as the mean for the three benthic samples collected in each experimental unit.
HOBO temperature loggers (Onset Computer Corp., Bourne, Massachusetts) were used to record water temperature at 30 min intervals in the upstream riffle and downstream pool of each discharge treatment for the duration of the experiment. Dissolved oxygen was not measured during the experiment because a pilot study in 2010 showed that oxygen concentrations did not differ across discharge treatments and remained above 5 mg·L −1 , which is the federal guideline for the protection of aquatic life (CCREM 1987) . Consequently, dissolved oxygen was not considered a factor limiting Nooksack dace growth in this experiment.
Data analysis
Individual fish growth rate (% body mass·day −1 ) was calculated as
Growth rate ϭ ͫ ln(Mass after ) Ϫ ln(Mass before ) days
Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) and mean growth rate was calculated for each experimental unit.
To test the hypotheses that growth rates would be higher in riffles than in pools and that growth would be negatively impacted by low flow, we modelled mean growth rate (log 10 -transformed) as a function of discharge, habitat type (two levels: riffle and pool), and a habitat × discharge interaction using ANCOVA. ANCOVA was also used to evaluate whether prey availability (square-roottransformed) or mean water temperature were affected by discharge treatment or habitat type. Because the method used to sample benthic invertebrates in pool habitats may have included a large number of chironomids that were buried in sediment at depths inaccessible to foraging dace, we also analyzed discharge and habitat effects on chironomids separately, using ANCOVA to test for habitat-specific relationships between chironomid biomass (g·m −2 ) and discharge, and between dace growth rate and chironomid biomass.
To evaluate the factors that influenced Nooksack dace growth, stepwise model simplification was used with total prey biomass, mean temperature, depth, and velocity as independent predictor variables. At each step of analysis, variables were entered into the model if the significance level was less than 0.05 and removed if the significance level was greater than 0.10, terminating when no more variables were eligible for inclusion or removal (i.e., the minimal adequate model). For the purposes of comparison with the null hypothesis significance testing based on stepwise regression (Symonds and Moussalli 2011) , and to identify uncertainty in the minimal adequate model, we also used model selection with the Akaike information criterion corrected for small sample sizes (AIC c ; Akaike 1973). We considered candidate models as having good support when competing models were within 2 ⌬AIC c of the best model (Burnham and Anderson 2002) . Analyses were performed using R version 2. 
Results
Flow effects on Nooksack dace habitat use and abundance
Across all focal reaches and sampling dates, 458 Nooksack dace were captured by seining and electrofishing, representing an estimated total of 1470 fish throughout the study reaches (i.e., fish captures adjusted for capture efficiency; Appendix A). Captured fish had a mean (±SD) length of 61.6 ± 12.0 mm and a mass of 2.82 ± 1.76 g (length-mass regression: mass (g) = 2 × 10 −5 × length (mm) 2.81 ; r 2 = 0.91). Across all sampling events, Nooksack dace densities averaged three times higher in riffles than in pools (2.04 and 0.68 fish·m −2 , respectively; F [1, 11] = 7.84, P = 0.02), and densities were significantly higher in the 248th and Farm focal reaches than in the 0 Avenue reach (F [1, 11] = 4.30, P = 0.04; see online Supplementary Material, Table S3 1 ). There was one notable outlier, a single pool habitat in the 248th focal reach. Within this pool, Nooksack dace densities ranged from 10.0 to 6.2 to 3.2 fish·m −2 over the three sampling periods, which is considerably higher than the range of mean densities reported in previous studies (0.65-1.9 fish·m −2 ; Inglis et al. 1994; Pearson 1999; , where dace were found to be consistently less abundant in pools than in riffles. This pool also had the highest recorded density of dace in any sampled habitat in this study and was 5.0 standard deviations greater than mean densities in pool habitat in the sampled reach and 5.3 standard deviations higher than the reach mean. This anomalous habitat unit was therefore excluded from the analysis because it was a strong statistical and ecological outlier. Ecological reasons underlying this anomalous pool density are considered in the Discussion.
As summer flows declined from 0.113 to 0.007 m 3 ·s −1 across the three sampling dates, total habitat area decreased by 12.5%. Water depth and velocity decreased considerably over the summer lowflow period in both pools and riffles. Decline in mean (±SD) riffle velocity was more pronounced, decreasing from the first and last sampling periods from 0.26 ± 0.06 to 0.09 ± 0.03 m·s −1 . Nooksack dace abundance within the repeatedly sampled riffle and pool habitats decreased significantly ( Fig. 1a; F [1, 14] = 11.05, P < 0.01). Contrary to expectations regarding use of pools as a low-flow refugia, the decrease in Nooksack dace abundance in riffles with declining stream discharge was not matched by a concomitant widespread increase in Nooksack dace abundance (F [1, 14] = 1.46, P = 0.24) or density in pools (F [1, 14] = 0.04, P = 0.85). Rather, there was a nonsignificant decrease in Nooksack dace density in both riffles and pools ( Fig. 1b; F [1, 4] = 0.99, P = 0.33) associated with declining discharge. This apparent paradox of a significant decline in fish abundance but not density is partly due to the fact that both fish abundance and surface area of habitat declined with flows, thereby tending to maintain densities.
Flow effects on Nooksack dace growth rate in experimental channels
Ninety-eight of the experimental Nooksack dace (90% of stocked fish) were recovered alive at the end of the experiment and re- turned to their place of origin, three dace were found dead showing signs of predation, and eight fish were not recovered. Mean growth rates for Nooksack dace in experimental habitats ranged from -0.02 to 0.99%·day −1 . There was no significant main effect of discharge (F [1, 12] = 0.73, P = 0.41) or habitat type (F [1, 12] = 4.53, P = 0.055) on Nooksack dace growth rate; however, there was a significant habitat × discharge interaction ( Fig. 2; F [1, 12] = 5.99, P = 0.03). Nooksack dace growth rates were highest in high-flow riffle habitats (0.84 ± 0.16%·day −1 ) and were negatively influenced by low flow (0.39 ± 0.07%·day −1 ). In contrast, mean (±SD) growth rates in pools were about half of the maximum in riffles (0.36 ± 0.18%·day −1 ) and did not vary significantly with discharge (0.25 ± 0.38%·day −1 at high flow versus 0.40 ± 0.23%·day −1 at low flow).
Mean water temperatures in the experimental habitats ranged from 12.8 to 15.4°C and tended to be higher in the lowest discharge treatment, although there was no significant discharge effect (F [1, 4] = 1.94, P = 0.24) or habitat effect (F [1, 4] = 0.03, P = 0.87) on temperature and no significant habitat × discharge interaction (F [1, 4] = 0.01, P = 0.93). Taxa included in available prey biomass (g·m −2 ) included Amphipoda, Chironomidae, Ephemeroptera, Elmidae, Hydropsychidae, Ostracoda, Plecoptera, Simuliidae, and Tipulidae. Available prey biomass was significantly higher in pools than in riffles ( Fig. 3 ; F [1, 12] = 99.97, P < 0.01), but did not vary significantly with discharge (F [1, 12] = 3.98, P = 0.07), and there was no significant interaction between habitat and discharge (F [1, 12] < 0.01, P = 0.96). Prey biomass was dominated by chironomids (38%-57% of prey biomass in riffles and 52%-90% of prey biomass in pools).
Multiple regression with stepwise selection indicated that neither prey biomass nor mean water temperature were significant predictors of Nooksack dace growth rate (growth rate = velocity; r 2 = 0.25, P = 0.03, n = 16). This was supported by AIC c model selection, which identified velocity effects on growth as the best model (i.e., no other models were within 2 ⌬AIC c ; see online Supplementary Material, Table S4 1 ) . When analyzed separately, chironomid biomass (g·m −2 ) was significantly higher in pools than in riffles ( Fig. 4a; F [1, 12] = 28.82, P < 0.01). Despite being a primary prey item for Nooksack dace, there was no significant overall relationship between Nooksack dace growth rate and chironomid biomass (F [1, 12] = 1.88, P = 0.20), although a significant habitat × discharge interaction indicated that chironomid biomass was correlated with growth rate in riffles, but not in pools ( Fig. 4b ; F [1, 12] = 1.88, P < 0.05).
Discussion
In this study, we examined the effects of declining flows and hydrological drought on growth and abundance of Nooksack dace and the potential role of pools as low-flow refugia. A low growth rate among Nooksack dace in low discharge experimental riffles and a decline in dace abundance coincident with declining discharge in sampled reaches both indicate that hydrological drought has the potential for substantial negative impacts on Nooksack dace. We tested the hypothesis that Nooksack dace use pools as refugia by looking for evidence of increased use of pool habitats as flows declined, but a general elevation in dace abundance in pools was not supported across the observed range of flows. Additionally, growth rates were depressed in experimental pools at all flows, suggesting that pool habitats do not mitigate the sublethal effects of hydrological drought. Although pools may provide opportunities for increased survival when riffles dewater completely, collectively these two studies support the inference that pools provide poor quality refugia in terms of mitigating the negative effects of hydrological drought on individual performance.
Over the course of the summer low-flow period, abundance of fish in sampled habitats decreased by nearly half, suggesting a progressive degradation in abiotic or biotic conditions associated with drought (Lake 2003) . Emigration of Nooksack dace out of the focal reaches may have contributed to the observed temporal decline in measured abundance; however, the focal reaches included some of the highest quality dace habitat in Bertrand Creek and were separated by long reaches dominated by pool habitat. Schaefer (2001) and Lonzarich et al. (2000) found that long stretches of riffle deterred movements of pool-dwelling fish, and the opposite may be true for riffle-dwelling species. Additionally, Nooksack dace have been characterized as largely sedentary (i.e., having small home ranges of 50-100 m; Pearson 2004), consistent with the documented home range sizes of the closely related longnose dace (Hill and Grossman 1987) . Channel size and habitat quality downstream of the sampled reaches does not change appreciably until the confluence with the Nooksack River 10 km downstream; therefore, emigration alone seems unlikely to fully account for declines in dace abundance, though it is difficult to be certain without movement data.
An alternative driver of observed declines in Nooksack dace abundance is drought-related mortality. Reduced abundance due to mortality is a common effect of hydrological drought and is usually associated with adverse habitat conditions (Matthews and Marsh-Matthews 2003) . These may include degradation of water quality (temperature, dissolved oxygen) or negative biotic interactions such as increased competition for food resources or vulnerability to predation in a reduced foraging arena (Matthews and Maness 1979; Power 1984; Power et al. 1985) . Water temperatures in Bertrand Creek were well below the inferred thermal maximum of Nooksack dace (e.g., 31.4°C as reported for the closely related longnose dace; Brazo et al. 1978; Wismer and Christie 1987) , and no obvious fish kills were observed, suggesting that degraded water quality did not cause direct mortality (e.g., Tramer 1977) . However, other studies have shown that decreased water volumes can reduce the ability of fish to escape predation (Kushlan 1976; Power et al. 1985) , and coastal cutthroat trout (known dace predators) are ubiquitous in pool habitat in Bertrand Creek and other coastal streams (e.g., Rosenfeld et al. 2000) . In addition, herons and kingfishers were observed along the banks of Bertrand Creek, and evidence of predation on dace by terrestrial mammals (e.g., mink) was observed in experimental channels and confirmed by wildlife cameras in a subsequent study (M. Champion, personal communication, 2013) . Although some Nooksack dace may have emigrated out of the focal reaches, increased vulnerability of Nooksack dace to aquatic and terrestrial predators seems an equally plausible mechanism for observed declines in abundance. However, without further study it cannot be definitively concluded that mortality-related declines in abundance were the result of drought-related decreases in habitat area (i.e., Kushlan 1976; Power et al. 1985) . This highlights the challenges in interpreting the results of field studies where flowrelated changes in fish abundance may be confounded by seasonal changes in movement or obscured by background mortality rates. Because mortality rates of small fish are relatively high (Lorenzen 1996) , observed seasonal declines in dace abundance may conceivably be due to background mortality, independent of flow. Without a control stream that experiences no seasonal decline in discharge, it is difficult to distinguish between flow-independent mortality and apparent mortality associated with declining discharge. However, it is likely that decreased discharge is at least partly causative in elevating mortality rates, since drought-related reductions in wetted area and depth are commonly observed correlates of increased vulnerability to aquatic and terrestrial predators (Lonzarich and Quinn 1995; Power 1984; Power et al. 1985) .
To better isolate the impacts of low flow on Nooksack dace while controlling for mortality related to predation risk, we quantified growth rates of Nooksack dace in experimental riffles and pools across a range of discharge treatments. Growth rates are a useful measure of individual performance and habitat quality, as larger size-at-age is associated with increased survivorship, maturation, and fecundity (Sogard 1997) . Within experimental riffles, drought-like conditions had a negative effect on Nooksack dace growth rate, with fish in low discharge treatments growing at approximately half the rate of fish in high discharges treatments. In contrast, individual performance in pools was low irrespective of discharge. These results confirm that riffle habitats are intrinsically better for Nooksack dace than pools irrespective of predation risk, but highlight that habitat quality and individual performance in riffles is strongly flow-dependent. If refugia are defined as habitats where the negative effects of a disturbance are reduced relative to the surrounding habitat matrix (Lancaster and Belyea 1997) , then pool habitats provide poor quality refugia in terms of mitigating the sublethal effects of hydrological drought on dace growth rate, until riffle habitat quality becomes severely degraded by low flows. Because predators like coastal cutthroat trout prefer pool habitat (Rosenfeld et al. 2000) , elevated predation risk means that the realized growth potential of dace in Bertrand Creek pools is likely even lower than observed in our experimental channels where trout were absent. The limitations of pool habitat in mitigating the long-term effects of riffle loss are supported by the near absence of dace from the sample reach where discharge ceased altogether at low flow, despite abundant pool habitat at zero flow and abundant riffle at higher discharge.
Sublethal effects such as reduced growth can have a large impact on population dynamics (Rose 2000) . One way to conceptualize the broader impacts of hydrological drought is to extrapolate annual growth of dace in high-and low-flow experimental riffles, based on the observed short-term growth rates. In low-flow riffles, growth rates averaged 0.39%·day −1 compared with 0.84%·day −1 in high-flow riffles. Assuming that dace experience most of their growth in summer (mid-June to mid-September), when water temperatures are between 14.5 and 20.5°C (McPhail 1997; USGS 2012) , the cumulative difference in growth between high-and low-flow riffles would result in a deficit of 13 mm or 3.1 g for a 71 mm dace. The fitness consequences of such a growth deficit could include delayed maturity (Hutchings 1993) , decreased reproductive success (e.g., from reduced fecundity of smaller females; Falke et al. 2010) , or reduced overwinter survival (Quinn and Peterson 1996; Boss and Richardson 2002) , as well as increased vulnerability to predators (Scharf et al. 2000) , with potential population-level consequences.
Using mesocosms, Schaefer (2001) demonstrated that movement of a riffle-dwelling herbivore into pools during low flow was delayed by the presence of caged predators. The lack of any general increase in Nooksack dace abundance in most pools at low flows may have been due to the presence of aquatic predators, or Nooksack dace may have immigrated into pools but experienced low survival. Alternatively, Nooksack dace remaining in shrinking riffles may have been exposed to terrestrial predators (Power 1987) . The point at which pool habitats confer a survival benefit for Nooksack dace likely depends on the abundance of terrestrial and aquatic predators and the relative availability of prey in pools and riffles.
Although we did not observe a general increase in density or abundance in pools with declining flow, one anomalous pool exhibited a dense aggregation of Nooksack dace. This pool was in a reach that frequently changes course during high winter flows, resulting in a channel that is braided and unstable, but has highquality unembedded substrate that supports high densities of dace. Exposed gravel bars at this site prior to sampling indicated that seasonal reduction in riffle habitat may have already occurred before the first sampling. Dense aggregations of dace may reflect this disproportionate habitat loss, as well as the attributes of this particular pool, which was the deepest in the reach with abundant unembeded cobble, large boulder rip-rap, and the potential for upwelling hyporheic flow. Year-to-year consistency with which Nooksack dace used this particular pool could not be evaluated, as winter scour had shifted flows to the other side of the channel the following year. Dace in this and other pools in Bertrand Creek at extreme summer low flow have been observed schooling, as well as drift-feeding in the water column in stratified schools of juvenile salmonids with dace closest to the stream bed (J. Rosenfeld, personal observations). This suggests that seasonal habitat loss may cause dace to alter their normal foraging and aggregation behavior, possibly shifting to schooling aggregations in pools to minimize vulnerability to predation (Morgan and Godin 1985; Pitcher 1986 ). Higher densities of dace in this pool provides evidence that dace may shift to pool refugia as flows decline, but that differences among sites in hydrology, habitat quality, and fish density may cause spatial variation in flow thresholds for habitat switching.
Sublethal effects of hydrological drought can be mediated by both changes in water quality or biotic interactions (i.e., predator or prey abundance; Matthews and Marsh-Matthews 2003; Harvey et al. 2006) . In experimental channels, we found that total biomass of prey taxa for Nooksack dace was significantly higher in pools than in riffles and that this pattern was largely driven by high biomass of chironomids (52%-90% of prey biomass) in pools. Although not significant, prey biomass tended to be positively related to discharge in riffles, consistent with documented responses of macroinvertebrates to drought (Minshall and Winger 1968; Matthews and Maness 1979) . The importance of prey availability to growth is generally well established; however, it can be challenging to quantify the proportion of benthic invertebrate biomass that is actually available to fish. For example, although chironomids are a primary prey item for Nooksack dace (McPhail 1997) , high chironomid biomass in pools did not correspond with high growth rates. A potential explanation for this is that the method used to sample benthic invertebrates in pool sediments may have included a large number of chironomids that were buried at depths inaccessible to foraging dace, thus introducing a source of sampling bias in estimates of available prey biomass in pools. Differences in the accessibility of chironomids between pool sediments and riffles may have weakened our ability to detect a relationship between growth rate and prey biomass; alternatively, some other factor may have suppressed growth in experimental pools. This highlights both the importance of accounting for biomass of prey resources, but also the availability and accessibility of benthic prey.
Understanding the impacts of hydrological drought on freshwater fish, and the extent to which refuge habitats mitigate these impacts, is crucial to the conservation of freshwater fishes (Magoulick and Kobza 2003) , particularly given projected increases in the frequency and intensity of hydrological drought. This study demonstrates the sensitivity of Nooksack dace to hydrological drought, with low discharge being associated with declines in sampled abundance and decreased growth rates for fish in riffles. Low growth rates and the potential for higher predation risk in pools may provide some explanation for why Nooksack dace did not appear to be generally immigrating into pools in Bertrand Creek over the range of observed flows. This supports the inference that although pool habitats may provide refugia when riffles dewater, they do not mitigate the sublethal effects of hydrological drought. Insofar as Nooksack dace are ecologically typical of small riffle-dwelling lotic invertivores, this study shows that riffle specialists in small streams are especially vulnerable to the negative impacts of hydrological drought and highlights the importance of preserving existing riffle habitat and sufficient stream flow to maintain riffles as high-velocity rearing environments.
tiple regression was used to relate capture efficiency to mean habitat depth (m) and velocity (m·s −1 ) and to test for collinearity (SPSS Version 20.0, IBM Corp., 1989 . The model including both depth and velocity explained 58% of the variation in capture efficiency, but was not significant (r 2 = 0.58, P > 0.05, n = 7). Depth was not significant and velocity was also nonsignificant, although less so. Collinearity was not significant so depth was dropped from the model, and capture efficiency was regressed against mean water velocity (m·s −1 ) to test for a positive relationship. The resulting model indicated that velocity had a positive relationship with capture efficiency, although this relationship was marginally insignificant (r 2 = 0.52, P = 0.07, n = 7). These results indicate that capture efficiency for downstream single-pass electrofishing method, combined with the modified Fyke net, tends to be higher in habitats with higher velocities and that velocity alone explains a large proportion of the variation in capture efficiency (Fig. A1) . Lack of significance may be due to low statistical power, or it may indicate that there is no actual relationship between capture efficiently and velocity. We assumed the former, and the equation for the linear relationship between capture efficiency and velocity (capture efficiency (%) = 0.61 × velocity (m·s −1 ) ± 0.14) was used to calculate capture efficiencies for each of the riffle habitats where Nooksack dace were sampled. Capture efficiencies for sampled habitats in Bertrand Creek ranged from 13.9% to 36.27%. The mean (±SE) capture efficiency was 20.7% ± 0.7%, which is lower than the mean capture efficiency reported by Bonamis (2011) (28%) . This difference likely related to the lower mean (±SE) velocities of habitats sampled in this study (0.11 ± 0.01 m·s −1 ) compared with Bonamis (0.40 ± 0.19 m·s −1 ) and to methodological differences. By using this equation to calculate capture efficiencies for each of the sampled riffles, despite the nonsignificant result, we ensure that our analyses of the effects of hydrological drought on Nooksack dace abundance and habitat use are conservative (i.e., that estimated abundance at low flows (velocities) are not underestimates associated with lower capture efficiencies).
This study suggests that the efficiency of single-pass electrofishing may be influenced by velocity and highlights the importance of considering the effects of velocity and discharge at the time of sampling on capture efficiency when estimating abundance. With benthic species, substrate size likely also affects capture efficiency, and future population studies would benefit from determining the effect of additional habitat characteristics such as substrate on capture efficiency. 
Fig. A1.
Relationship between capture efficiency of single-pass electrofishing for Nooksack dace tended to be higher in habitats with (a) higher velocities (m·s −1 ), but had no relationship to (b) depth (m).
